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The magnetic properties and electronic structure of the ground and excited states of two recently characterized endohedral metallo-fullerenes, [ 5+ dimers encapsulated in a fullerene cage with the fifteen unpaired electrons ferromagnetically coupled into an S = 15/2 high-spin configuration in the ground state. The microscopic mechanisms governing the Gd-Gd interactions leading to the ferromagnetic ground state are examined by a combination of density functional and ab initio calculations and the full energy spectrum of the ground and lowest excited states is constructed by means of ab initio model Hamiltonians. The ground state is characterized by strong electron delocalization bordering on a σ type one-electron covalent bond and minor zero-field splitting (ZFS) which is successfully described as a second order spin-orbit coupling effect. We have shown that the ob- Over the past few years, the magnetic properties of a class of EMFs where [Ln 2 ] 5+ dimers are encapsulated in various fullerene 8, 9 or azafullerene (C 79 N) 10, 11 cages have attracted significant attention as some of them exhibit short Ln-Ln distances bordering on a covalent
Ln-Ln bond 12 and strong ferromagnetic coupling in their ground spin states. Density functional theory (DFT) calculations on Gd 2 @C 79 N have shown that the two Gd ions have 4f 7 electron configurations and the one "extra" electron occupies a σ type orbital with significant contributions from 5d, 6s and 6p orbitals. 13, 14 The DFT calculations also show extensive delocalization of the σ electron over the two Gd ions and predict strong ferromagnetic exchange interaction leading to an overall S = 15/2 spin state. At a glance, the ferromagnetic exchange interaction seems to be explained by a double exchange mechanism [15] [16] [17] where a 5d
electron is resonating between the two Gd ions and is locally coupled to the spins of the Gd 4f electrons. An adequate description, however, is not trivial a priori because the electron delocalization coexists with significant spin-orbit coupling (SOC) in the 5d orbitals of the Gd ions. To our knowledge, double exchange interaction in the presence of strong magnetic anisotropy on the magnetic sites has not been addressed so far.
In the present work, we have conducted a theoretical study on the ground and low- EPR spectra of these systems shows that they both have ferromagnetically coupled highspin S = 15/2 ground states which show some anisotropy. 8 We will analyze the exchange interactions leading to the ferromagnetic ground state and will explain the ground state anisotropy as a second order effect. We will then proceed to discuss the spectrum of the excited states where an electron is promoted to a π or δ symmetric orbital. Due to the strong Gd-Gd interactions imposed by the short interionic distances and large SOC constant of the Gd ions, the spectrum of the excited states is shaped both by strong exchange interactions due to electron delocalization and by strong spin-orbit coupling. The work presented here will also form a solid foundation for the study of more complicated mixed valence lanthanide systems such as Dy analogues of the systems studied here.
II. COMPUTATIONAL DETAILS A. DFT calculations
Geometries of 1 and 2 were optimized at DFT level using the PBE0 hybrid exchange correlation (XC) functional. [18] [19] [20] [21] Ahlrichs' TZVP {62111/411/1} basis set 22 was used for the carbon atoms and ECP53MWB effective core potential of Dolg et al. 23 with {311111/31111/21111/111/11} valence part was used for the Gd ions.
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All further DFT calculations were carried out on the optimized geometries using allelectron basis sets. Scalar relativistic effects were treated with the zeroth order regular approximation (ZORA) [25] [26] [27] The (8, 12) active space included the seven 4f orbitals and five 5d orbitals and the (8, 16) active space also included the 6s and 6p orbitals. A state-averaged CASSCF calculation was carried out to solve the lowest roots in each active space. Five roots with S = 4 and another five roots with S = 3 corresponding to the 9 D and 7 D terms of the Gd(II) ion were solved in the CASSCF (8, 12) calculation and a total of nine S = 4 and sixteen S = 3 roots corresponding to the 9 D, 9 S, 9 P , 7 D, 7 S, 7 P and 7 F terms were solved in the CASSCF (8, 16) calculation. In the CASSCF (8, 16) calculation the orbitals were optimized only for the S = 4
states and the energies of the S = 3 states were solved by a single diagonalization of the CI matrix to prevent the orbital optimization procedure from rotating 6d orbitals into the active space due to the double shell effect.. The remaining dynamic electron correlation not accounted for in the CASSCF calculations was included as a perturbation correction to the energies using the extended multistate (XMS) CASPT2 method. used which included all 14 4f orbital combinations and a σ bonding orbital. One S = 15/2, two S = 13/2, two S = 11/2, two S = 9/2, two S = 7/2, two S = 5/2, two S = 3/2 and two S = 1/2 states were solved corresponding to the states in the lowest Hund and non-Hund exchange state in the Σ manifolds.
All multireference calculations were carried out with the Molcas quantum chemistry program. 50 The 8.1 development version was used for the XMS-CASPT2 calculations and the rest of the calculations were carried out using the 8.0 release version. All Molcas calculations utilized Cholesky decomposition using a threshold of 10 −8 .
III. RESULTS & DISCUSSION

A. Geometry optimization
The geometries of 1 and 2 were fully optimized at DFT level. Details of the optimization procedures are given in Sec. I in the supplementary material and the optimized geometries are presented in Figure 1 . 1 retains the D 3h symmetry of an elongated C 78 -D 3h (5) fullerene cage whereas in 2 the presence of the Gd ions lowers the symmetry of the C 80 -I h cage to an approximate D 2h symmetry. The symmetry of the latter agrees with that of La 2 @C 80 which has been determined by EPR measurements. 51 The Gd-Gd distances in 1 and 2 are 4.088Å and 3.874Å, respectively. The latter distance is similar to the La-La distance of 3.71Å observed in the crystal structure of a benzyl adduct of La 2 @C 80 which has a cage that is isoelectronic to C 80 6− . 9 These geometries were used in all subsequent calculations.
B. General features of electronic structure
To get an overall picture of the electronic structures of 1 and 2, DFT calculations were conducted on the high-spin (S = 15/2) states of both systems. other Gd orbitals or from the cage orbitals and, thus, to a good approximation they can be considered as pure 4f combinations. The one "extra" electron (which will be from here on referred to as the 5d electron) occupies a σ-bonding type orbital with large amplitude in the Gd-Gd bonding region and some minor delocalization into the fullerene cage near the short Gd-C contacts (Figure 2a ). here on refer to the σ bonding orbital as a combination of the 5d z 2 orbitals while keeping in mind that in practice the orbitals are combinations of 5d z 2 , 6s and 6p z orbitals. Likewise, when we refer to the "5d orbitals" this should be interpreted as the π and δ symmetric 5d orbitals and the bonding and anti-bonding σ type orbitals.
The virtual 5d orbitals of 1 and 2 become extremely diffuse and strongly mix with the cage orbitals. In the dimer systems 1' and 2', however, the virtual 5d orbital combinations can be easily identified and they are described in Figure 2b were calculated with the DFT/ROCIS method and are listed in Table I . For the dimers 1' and 2' the excitation energies corresponding to various 5d→5d excitations can be easily identified by visual examination of the natural transition orbitals. In 1 and 2 the spectrum of 5d→5d excitations becomes energetically mixed with the 5d→cage and cage→cage excitations and, therefore, the excited 5d configurations are strongly mixed with excited cage configurations.
Because of this, only the lowest 5d→5d excitations corresponding to σ → π excitations can be reliably assigned to a transition between two specific electronic configurations. The lowest excitation originating from the 4f shell lies at much higher energy than the σ → σ * excitation in all systems considered. 
C. Magnetic properties of the ground configuration
In their ground configuration 1 and 2 do not have any first order angular momentum because the lone 5d electron occupies an orbital of σ symmetry which gives rise to a Σ term. The orbital interaction is very strong and therefore electron delocalization governs the shape of the spectrum and splits the Σ term into bonding and anti-bonding states. The bonding manifold is then further split by exchange interaction into states characterized by some total spin S. Thus, the magnetic interaction can be reduced to the isotropic exchange coupling between the two S 0,a = S 0,b = S 0 = 7/2 spins arising from the Gd 4f electrons and the s = 1/2 of the 5d electron. The magnetic anisotropy, which emerges at second order, can be treated as a perturbation at a later stage.
The exchange splitting of the Σ terms can be described as a "classical" three-site exchange coupled system where the Gd 4f electrons form two of the sites and the unpaired 5d electron forms the third site. The spin Hamiltonian for this system is written aŝ
whereŜ 0,a andŜ 0,b act on the S 0 = 7/2 spins of the 4f electrons at Gd ion a and b, respectively,ŝ acts on the spin of the 5d electron, and J Gd−Gd and J Gd−5d are the exchange coupling constants.
An alternative approach would be to treat the system as a Gd(II)/Gd(III) mixed valence system with a 5d electron resonating between the two Gd ions. This model has been widely used, for example, in the description of Fe(II)/Fe(III) mixed valence complexes. 54 However, the 5d electron in this model, although highly delocalized, would only have significant amplitude at atomic-like orbitals at the Gd ions and the model would then fail to describe the stabilization of the non-Hund states due to the delocalization of the electron into the bonding region. Therefore, for the description of the ground states, we use the three-site model based on a delocalized σ type orbital defined in the Hamiltonian (1). The excited states, where the delocalization due to covalency is greatly reduced because of the much smaller overlap of the 5d orbitals, will, however, be interpreted in this manner (see Sec. III F).
In order to evaluate the spectrum of the exchange manifold of the ground configuration, the exchange coupling constants must be determined first. This can be achieved at DFT level using the broken symmetry (BS) formalism pioneered by Noodleman. energy spectrum is presented in Figure 3 (numerical values are available in Table S1 in the supplementary material). The low-lying spectrum of the exchange states was also calculated at CASSCF level for both 1 and 2 and the results (Table S1 in the supplementary material) agree qualitatively with the BS DFT results. CASPT2 calculations on 1 and 2 were not possible due to high computational costs and therefore the CASSCF results do not include any dynamic electron correlation. The exchange coupling constants extracted from BS DFT calculations do include dynamic correlation effects, although in an approximate manner.
The spectrum constructed from BS DFT results should therefore, in principle, be more accurate than the CASSCF energies and all further discussion will be based on the BS DFT results.
The splitting between the average energies of the Hund and non-Hund manifolds is 1594 cm −1 and 1749 cm −1 for 1 and 2 respectively. The same splitting calculated for a single Gd(II) ion (see Table III ) is 9025 cm −1 . Thus, there is a significant reduction of the 4f-5d Hund's rule coupling strength in 1 and 2 as compared to the free ions. This can be explained by the mixing of the 6s and 6p z orbitals with the 5d z 2 orbitals due to the lowering of the symmetry by the fullerene cage. The mixing leads to significant delocalization of the σ symmetric orbital, as discussed earlier, and to a reduction in the coupling between the unpaired spin in the highly contracted 4f shell and the 5d electron.
Zero-field splitting (ZFS) in the S = 15/2 ground state is weak due to the lack of first order angular momentum in the Σ terms but not completely negligible because of the weak mixing of excited configurations into the ground configuration at higher orders of perturbation theory. The experimentally observed EPR spectra measured at 6 K is consistent with an S = 15/2 spin-state which is weakly split at zero field. The splitting pattern has been modeled by a giant spin Hamiltonian acting on the full S multiplet affording the axial and rhobmic ZFS parameters D and E, respectively. 8 The calculated splitting between the ground Σ state and the first excited exchange state in 1 and 2 are 168 cm −1 and 184 cm −1 , respectively, whereas the experimental ZFS parameters (see Table II ) predict the splitting in the ZFS manifolds to be in the range of a few wave numbers. This means that the giant-spin approximation to the ZFS should be well-justified here and, considering the low temperature of the experimental conditions, thermal population of the S = 13/2 exchange states can be safely neglected.
The ZFS parameters were first calculated at DFT level using the approach proposed by Neese 36, 37 and the values along with the experimentally determined parameters 8 are listed in In addition to the D and E parameters which describe the second rank crystal field (CF) parameters, also higher order CF parameters up to rank 14 (which is the highest relevant rank for a S = 15/2 system) were extracted from the DFT/ROCIS calculation. These are listed in tables S2 and S3 in the supplementary material. In 1 the CF parameters of all ranks above the second are so small that they are either zero or they cannot be reliably distinguished from numerical noise. In the case of 2, however, the fourth rank terms are still significant. This also becomes evident by constructing the energies of the zero-field split S = 15/2 manifold by diagonalizing a CF Hamiltonian with various ranks of operators included (see table S4 and S5 in the supplementary material) and comparing these with the energies obtained by the DFT/ROCIS calculations. It is therefore not necessarily possible to exclude higher rank operators from the spin-Hamiltonian a priori in systems such as 2.
D. Extraction of model Hamiltonian parameters
In order to adequately describe the low-energy and excited electronic structures, we have 
whereĤ SOC is the SOC Hamiltonian andĤ Hund is an effective Hund's rule coupling Hamiltonian which is used here in a Heisenberg-like form.
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The angular momentum operatorsl,ŝ andŜ 0 act on the orbital angular momentum of the 5d electron, the spin of the 5d electron and the total spin of the 4f electrons, respec- 
775 694 tively. Detailed derivation of the matrix elements of (2) is presented in Sec. III A in the supplementary material.
Exact expressions of the eigenvalues ofĤ Gd(II) are listed in Table III . Numerical values of ζ and J ′ H were extracted from the spectrum ofĤ Gd(II) by performing a least squares fit of the energy differences between the ground state and a given excited state to the energy differences between the ab initio calculated states. The fit yielded values ζ = 1037.84 cm 
where index µ (ν) runs over all 4f and 5d orbitals on ion a (b), ǫ µ and ǫ ν are atomic orbital energies, t µν is a transfer parameter, and m s is the spin projection. The off-diagonal elements in the subspace of the localized orbitals are simply the transfer parameters and therefore the off-diagonal elements of the KS Fock operator in this basis can be identified as the transfer parameters of the tight-binding Hamiltonian.
The calculations were carried out for orbitals and eigenvalues obtained with both the hybrid PBE0 functional and the pure PBE GGA functional. The exact exchange in the PBE0 functional reduces the delocalization error compared to the pure PBE functional and should therefore offer more accurate results. However, the KS Fock operator constructed using the PBE0 potential includes a contribution from the Hatree-Fock exchange operator, and therefore the occupied and virtual orbitals do not feel the same potential. This means that, in the case of the PBE0 functional, localization of the σ symmetric orbital which would require mixing of occupied and virtual canonical orbitals is not possible without introducing unphysical artifacts, and therefore the σ ↔ σ transfer parameters are only available using the GGA functional.
The 4f orbital combinations are easy to identify, and their localization poses no considerable challenges. Unfortunately, in the case of 1 and 2 the virtual 5d orbitals become strongly mixed with the cage orbitals and isolating a set of 5d orbital combinations from the virtual orbital space is not possible without including an arbitrary number of cage, 6d, 6s, 6p etc.
orbitals into this set. Localization of this arbitrary set would then lead to arbitrary values of transfer parameters which depend on the size of the chosen orbital set and cannot be determined in a unique way. To avoid this problem, the transfer parameters were extracted from the simple [Gd 2 ] 5+ dimers 1' and 2'. The effect of the cage on the direct interaction between the two Gd ions is assumed to be small and the transfer parameters extracted from calculations on 1' and 2' should therefore be a good approximation to the respective values The main consequence resulting from neglection of the cage is that the symmetry of both 1' and 2' is strictly axial and therefore only transfer parameters between 5d orbitals corresponding to the same value of m l on the two ions have non-zero values. The values determined with the PBE0 and PBE functionals are very similar to each other with the PBE values being slightly smaller in magnitude. In all subsequent calculations the PBE0 values will be used but considering the similarity of the values either set should produce comparable results. The explicit value of the σ ↔ σ parameter is not needed in any of the calculations beyond knowing that it is larger than the two other parameters.
E. Splitting between Σ, Π and ∆ terms
Before we discuss the splitting of the Π and ∆ terms under the influence of Hund's rule coupling, SOC and electron transfer in the next section, we must first determine the relative energies of the energy manifolds arising from the Σ, Π and ∆ terms. In the S = 15/2 high-spin state, the splitting of the single-ion energy levels due to electron transfer is ±t m l and therefore the difference between the bonding and anti-bonding states is simply 2t m l .
65
Therefore, energies of the free-ions terms can simply be calculated as the middle point in energy between the respective bonding and anti-bonding states. The transfer parameters extracted from the DFT/ROCIS energy differences are listed in Table IV along and the transfer parameters of the π or δ orbitals listed in Table IV . Therefore, all of these interactions must be treated on equivalent footing. The exchange interaction between the 4f electrons (described by J Gd−Gd in the ground configuration) is, however, several orders of magnitude smaller than the other interactions and will be neglected in all subsequent calculations. Under these conditions, the excited states can be viewed as a mixed valence Gd(II)/Gd(III) system and the magnetism can be described in terms of a double exchange model. The general idea of the model is that the 5d electron resonates between the two sites where it is coupled to the 4f spins. This introduces a spin-dependent delocalization into the system. 68 . Unlike in a conventional treatment of the double exchange, however, the presence of unquenched first-order orbital angular momentum in the present case means that SOC has to be explicitly introduced into the model and the splitting of energy levels will be very different from the spin-only case.
The crystal-field removes the five-fold degeneracy of the orbital l = 2 states. We will assume a crystal-field with an axial symmetry (trigonal or higher) and, thus, the crystalfield will retain the two-fold orbital degeneracies of the Π and ∆ states. In case of 1 this is correct but for 2 this assumption constitutes an approximation. We will base most of our discussion on the strong crystal-field limit where the crystal-field splitting is assumed strong enough so that mixing of the m l = 0 state into the m l = ±1 states and m l = ±1
into m l = ±2 states by SOC can be neglected. The splitting between the Π and ∆ states determined in section III E are 1937 cm −1 and 2429 cm −1 for 1 and 2, respectively, which is roughly twice the SOC constant and therefore neglecting the Π − ∆ mixing is undoubtedly an approximation. The effect of this simplification to the results derived in this section will be discussed later in section III G and it will be shown that the conclusions made here remain valid even when the mixing is taken into account.
The full Hamiltonian within a given m l = ±1 or m l ± 2 crystal-field doublet is of the
where the superscripts a and b indicate operators that only act on states where the 5d electron is localized at ion a or b andĤ transfer is the transfer Hamiltonian which couples the localized states. We will first diagonalize the single-ion Hamiltonians (Ĥ manifold can be expressed as (see Sec. III B in the supplementary material):
which clearly shows the linear splitting of different M K states as a function of ζ observed in 
FIG . 
) of the single-ion Hamiltonians calculated for the m l = ±1 and m l = ±2 crystal-field doublets.
the same range of values the splitting of the states into bonding and anti-bonding manifolds is also observable in the spectrum with the highest density of states in the top and bottom of the Hund and non-Hund manifolds. Beyond |t| ∼ 3000 cm −1 the interaction approaches that of a covalently bound system and the states in the Hund and non-Hund manifolds with the same value of M J become mixed and all manifolds become energetically intertwined.
Considering the ∆ state energy spectrum calculated using the δ ↔ δ transfer parameters of 1 and 2, the splitting between the Hund and non-Hund manifolds is larger than the transfersplitting within these manifolds. In the absence of SOC this situation could be described by the conventional double exchange mechanism. On the other hand, the spectrum of the Π states calculated using the π ↔ π transfer parameters of 1 and 2 displays two differ-ent situations. In the case of 1, the magnitude of the transfer parameter is such that the transfer-splitting is larger than the separation between the Hund and non-Hund manifolds but still small enough to retain a clear splitting between the two manifolds. The transfer parameter of 2 is, however, already so large that the interaction is better described as weak covalent interaction than double exchange.
The strong mixing of single-ion states by the transfer interaction makes analysis of the spectrum difficult and it is therefore instructive to consider the case when J is
In the case M J = ±19/2 the expression is exact and in other cases it is equivalent to the first order perturbation correction to the single-ion energies due to transfer interaction. show that for large values of |M J | equation (7) describes the splitting reasonably well in the 0 < |t| < 100 cm −1 range but for smaller values of |M J | it is only qualitatively correct.
Equation (7) and the figures S2 and S3 show that for a given value of |t| (assuming |t| ≪ ζ) the transfer splitting is linearly proportional both to K/(2S 0 + 1) and to M K /(2S 0 + 1).
This is in sharp contrast to the splitting due to the conventional isotropic double exchange mechanism where the splitting is linearly proportional to (S + s)/(2S 0 + 1) where S is the total spin of the system. 65 Therefore, in a system with an axial symmetry, the presence of strong anisotropy introduces an Ising-like dependence on the magnitude of the transfer splitting at the strong crystal-field limit.
G. Mixing of states arising from the π and δ configurations
The crystal-field splitting between the Π and ∆ states is, as determined in section III E, 1937 cm −1 for 1 and 2429 cm −1 for 1. In both cases this is roughly twice the size of the SOC constant (ζ = 1037.84 cm −1 ) and therefore some mixing between the Π and ∆ terms due to SOC is to be expected. It is, thus, relevant to discuss to what extent this mixing affects the results derived in the previous section.
The single-ion Hamiltonian acting in the basis of both the Π and ∆ manifolds readŝ
whereĤ CF,∆ simply adds the crystal-field splitting energy ∆E CF to the diagonal elements of the m l = ±2 states. The matrix elements ofĤ SOC andĤ Hund can be calculated as derived in Sec. III A of the supplementary material. The characteristic polynomials of the matrix cannot be solved analytically and the matrix can only be diagonalized numerically.
The eigenvalues ofĤ single−ion as a function of ∆E CF are presented in Figure 6 along with the eigenvalues calculated using equation (5) . In the range E CF < 1.5ζ the mixing is very strong.
Beyond this value the spectrum is qualitatively similar to that calculated with equation (5) with the eigenvalues being slightly shifted in energy. As E CF is further increased, the approximate values slowly converge towards the exact eigenvalues.
Mixing of the m l = ±1 states into the m l = ±2 states means that M K and m l are no longer good quantum numbers. The single-ion states are still characterized by the total angular momentum projection M J and the double degeneracy of the |M J | states is retained as can be expected as Kramers degeneracy is not lifted. Therefore, the Π-∆ mixing does not break any degeneracies. All crossings of energy levels belonging to the same value of |M J | (marked by red circles in Figure 6 ) take place at crystal-field splitting E CF < 1.5ζ.
Therefore, all the qualitative changes in the energy level spectrum take place at crystal-field splittings weaker than those determined for 1 and 2 at DFT/ROCIS level (1.87ζ and 2.24ζ, respectively). Based on these consideration, it is safe to conclude that in the case of 1 and 2, although the Π-∆ mixing inevitably introduces some error into the eigenvalues calculated in the previous section, all the qualitative features of the energy spectrum that can be deduced from the equations given in section III F remain valid even when the Π-∆ mixing is taken into account. We will only consider the Hund configurations where the seven 4f electrons of a Gd(III) ion have the same spin and the electron resonating between the ions must then have a different spin. Due to the strong shielding of the 4f orbitals by 5s and 5p orbitals and the large SOC constant of the 4f orbitals, the splitting due to SOC is assumed much larger than the crystal-field splitting. Therefore we will first consider the coupling of the l = 3 orbital angular momentum with the spin K to give a total single-ion angular momentum J 0 . According to Hund's rules (the 4f shell is more than half-filled) J 0 = K + l = 6. In the present case, the Gd(II) ion sits in a positive axial crystal-field created by the (Table VI) Table VI for M J0 = 0
and Table S8 in the supplementary material for |M J0 | > 3). The transfer interaction is thus purely of Ising type. In the 0 < |M J0 | ≤ 3 case the interaction is still of Ising type but the dependence on the transfer parameters becomes more complicated due to the mixing of the states characterized by the M J0 and −M J0 quantum numbers.
IV. GENERAL DISCUSSION AND CONCLUSIONS
The magnetic properties and the full spectrum of the lowest excited configuration of two in the final spectrum.
In the ground Σ manifold the transfer interaction is very strong (t ≪ J ′ H ) bordering on a covalent one-electron Gd-Gd bond. Thus, electron delocalization is the dominant effect in the spectrum of the Σ states and Hund's rule coupling splits the delocalized states characterized by a total spin S. This leads to an energy level spacing which follows the Landé interval rule and the system can be described by a Heisenberg-type Hamiltonian.
The interaction between the 4f spins of the Gd ions and the 5d electron is ferromagnetic and stabilizes the S = 15/2 ground spin state. Due to the lack of spatial degeneracy in the Σ states, all first order angular momentum effects are quenched and the total spin S remains a good quantum number. Weak mixing of higher-lying manifolds into the Σ states leads to zero-field splitting of the 2S+1 Σ terms which can be qualitatively described as a second order effect.
The situation is quite different in the excited Π and ∆ states where the 5d electron is promoted to a π or δ symmetric orbital and first order angular momentum is not quenched. The splitting of the single-ion states due to Hund's rule coupling is stronger than the splitting due to SOC and therefore the single-ion energy levels emerging from Hund and non-Hund spin configuration retain two distinct manifolds. SOC, however, strongly mixes states corresponding to the same value of the total spin projection of the Gd(II) ion and therefore the quantum number K describing the total spin of the ion is no longer a good quantum number. The transfer interaction further mixes the single-ion states and only the total angular momentum projection remains a good quantum number. In both the Π and ∆ states the transfer interaction is stronger than the splitting due to SOC and the single-ion spectra become strongly mixed resulting into a highly complicated energy level structure. In the ∆ states the splitting due to electron transfer is weaker than the splitting due to Hund's rule coupling. In the absence of SOC this would be the condition for the validity of the conventional double exchange model. The Π states start to approach the covalent limit where the splitting due to transfer interaction is stronger than the splitting due to Hund's rule coupling. At small magnitudes of the transfer parameter |t|, when an analytical expression can be given for the energies of the transfer-split states, it is clear that the splitting has a linear dependence on both the total single-ion spin K of the Gd(II) ion and its projection M K .
This introduces an Ising-like dependence into the splitting which is very different from the splitting of states in the conventional isotropic double exchange situation where the splitting is proportional only to the total spin S of the coupled system and leads to an energy level spacing proportional to 2S + 1.
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The splitting of single-ion energy levels under the electron delocalization was also exam- The results presented here provide a solid rationalization for the ferromagnetic S = 15/2 ground state of 1 and 2 (and by extension to that of Gd 2 @C 79 N) in terms of the microscopic interactions which take place between the two Gd ions. In addition, we have discussed the magnetism of the excited states arising from configurations where the "extra" electron is promoted to a π or δ symmetric 5d orbital combination or to a 4f orbital combination.
These results reveal the unique nature of anisotropic electron transfer interactions. The present work constitutes the first detailed study of spin-dependent delocalization in the presence of first-order orbital angular momentum. It is worth emphasizing here that in all cases considered here where first-order orbital momentum is involved, the splitting of the energy levels is very different from that associated with conventional double exchange and the splitting will always have a direct dependence on the projection of the angular momenta 
